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ARTICLE INFO ABSTRACT

Keywords: Contaminating microplastics can interact with food proteins in the food matrix and during digestion. This study
O‘falbumi“_ investigated adsorption of chicken egg protein ovalbumin to polystyrene (PS, 110 and 260 pm) and polyethylene
Microplastics terephthalate (PET, 140 pm) MPs in acidic and neutral conditions and alterations in ovalbumin structure.
Ezgig;zze terephthalate Ovalbumin adsorption affinity depended on MPs size (smaller > larger), type (PS > PET) and pH (pH 3 > pH 7).
Interactions In bulk solution, MPs does not change ovalbumin secondary structure significantly, but induces loosening (at pH

3) and tightening (at pH 7) of tertiary structure. Formed soft corona exclusively consists of full length non-native
ovalbumin, while in hard corona also shorter ovalbumin fragments were found. At pH 7 soft corona ovalbumin
has rearranged but still preserved level of ordered secondary structure, resulting in preserved thermostability and
proteolytic stability, but decreased ability to form fibrils upon heating. Secondary structure changes in soft
corona resemble changes in native ovalbumin induced by heat treatment (80 °C). Ovalbumin is abundantly
present in corona around microplastics also in the presence of other egg white proteins. These results imply that
microplastics contaminating food may bind and change structure and functional properties of the main egg white
protein.

treatment, however, leads to the loss of food nutritional values, so
alternative methods for food processing gain more attention [8].

1. Introduction

Ovalbumin (OVA) is one of the major egg proteins, representing 54
% of all egg white proteins [1]. Ovalbumin belongs to the serpin family
although it lacks any protease inhibitory activity [2]. It is the only egg
white protein with free thiol groups located inside the protein core.
Upon denaturation of ovalbumin at 80 °C, free thiol groups become
exposed and react with each other, which is the critical step in the for-
mation of egg-white gels [3]. OVA exposed to standard denaturing
conditions self-assembles into amyloid nanosheets that elicit immune
responses of Th2 type [4]. OVA is also one of the major food allergens.
Its allergenicity originates from high structural stability and proteolysis
resistance in the gastrointestinal tract [5]. Heat treatment of OVA re-
duces its allergenic potential and makes it more digestible [6,7]. Heat

Techno-functional properties of OVA and egg white, like foaming or
making protein networks are essential in the food industry. These
properties depend on the OVA structure and its processing [9]. Oval-
bumin owns remarkable functional properties, which, together with its
great nutritional value, accessibility, abundance, biocompatibility and
biodegradability, have made ovalbumin a potent candidate for a wide
range of food and pharmaceutical applications, such as for engineering
polymeric carriers that can be loaded with bioactive drugs and provide
site specific delivery by releasing the cargo at specific sites [10]. How-
ever, all ovalbumin functional properties strongly depend on its
structure.

Microplastic particles (MPs) represent major pollutants today,
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affecting both the water and land environment. These particles are
formed as a consequence of chemical, biological and mechanical
degradation of plastic waste, but the main source of MPs contaminating
food seems to be food packaging [11-13]. MPs is also found in eggs with
a quantity of about 11.67 particles per egg. Most of the found MPs had
spherical shapes and were of size range from 50 to 100 pm. In addition,
the abundance of MPs was larger in egg yolks compared to egg whites
[14]. On the other hand, a study using commercial '*C labeled poly-
styrene microplastic that was fed to the chickens, resulted in this
microplastic being distributed mainly in feces and lower quantities
being found in eggs and blood [15].

Even though MPs are highly distributed in nature, the exact risks
they have on living organisms and the molecular mechanisms of their
potential harmful effects are still not fully known [16]. We need to better
understand interactions of food proteins with the novel food contami-
nant and impact on protein structure and functional properties.

Biomolecules, including proteins, are able to form biofilms on the
surface of MPs. This process usually involves several steps, including the
initial binding of biomolecules and the formation of the initial protein
corona. Molecules with higher affinity bind more strongly and form a
hard corona. Onto hard corona, soft corona may form as the last step
[17]. The coating of MPs with biomolecules significantly impacts bio-
logical effects of MPs [18,19]. There has been a lot of research in the
field of protein-nanoparticles interactions, upon which recent studies
having the process of adsorption and corona formation of proteins onto
MPs (as well as smaller plastic particles, nanoplastics) can build upon
[11,20,21]. Challenges faced in these studies are related to the hetero-
geneity of the MPs, particularly found in the environment, from the
aspect of size, shape, chemistry, additives present, as well as propensity
to get chemically modified during the aging process in the environment
[22,23].

Only several studies characterized the direct binding of proteins to
MPs, and mostly from the aspects of human health risks. Human serum
albumin (HSA) was found to interact with polyvinyl chloride (PVC) MPs
of around 5 pm in size. These interactions lead to a decrease in the
a-helical content of HSA [20]. SDS-PAGE analysis of protein corona
formed onto the surface of MPs isolated from circulation showed that
this corona is mainly formed from HSA, globulins and fibrinogen, which
may influence thrombus formation [24]. Recent study showed that
pepsin interacts with polystyrene microplastics and this interaction
leads to structural altercations of pepsin, inhibition of pepsin activity
and impairment of digestion of milk proteins in simulated gastric con-
ditions [25]. It was demonstrated that simulated digestive fluids do not
decompose MPs (polyethylene (PE), polypropylene (PP), PVC, poly-
ethylene terephthalate (PET) and polystyrene) neither modify their
shapes and sizes, but protein coronae formed on the surface of these
particles, may affect their properties [26]. In vitro small intestinal
epithelium model showed that PE MPs increased fat digestion, with
corona being dominantly composed of triacylglycerols and enzyme tri-
acylglycerol lipase. Observed findings proposed digestion of tri-
acylglycerol by lipase on the surface of lipid-coated MNPs as a potential
mechanism [27].

Given the frequent occurrence of MPs in food and beverages,
ingestion as a major exposure route of humans to MPs, and a limited
knowledge on interactions and impact of MPs on structure and func-
tional properties of specific food proteins, we addressed this question in
this study by investigating adsorption of egg white protein ovalbumin on
two types of MPs (PS and PET) of different sizes at different pH (pH 3
and pH 7).

However, literature data on MPs-induced structural changes of food
proteins upon their adsorption on MPs surface, and particularly at
different pH, are still scarce. Therefore, the objective of this study was to
investigate the interactions of ovalbumin with PS and PET MPs and the
effects of these interactions on ovalbumin structural properties. MPs
used were made by milling and sieving that have irregular shapes and
wider size ranges, which much better corresponds to what can be found
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in nature [12]. The influence of tested MPs on OVA structure, its corona
formation on MPs surface and the effect of thermal treatment on MPs-
exposed OVA structure, stability and fibril formation were investi-
gated. Binding of OVA to the MPs was also investigated in the presence
of other egg white proteins by monitoring corona formation.

2. Materials and methods

All reagents were purchased from Sigma and were of analytical
grade. Microplastics were prepared by the Center of Polymer and Ma-
terial Technologies of the Department of Materials, Textiles and
Chemical Engineering, Ghent University, by a controlled-milling process
using polystyrene (Styrolution PS 124N) and polyethylene terephthalate
(Lighter™ C93 PET) and a variable speed rotor mill (Pulverisette 14,
Fritsch, Germany) with two different sieve ring sizes of 120 pm and 500
pm. Two PS fractions (designated “large” and “small”) and one PET
fraction (designated “small”) were collected and used in experiments.
Before use, microplastics were kept at 4 °C as a dry powder. Micro-
plastics were characterized by Raman spectrometry for their identity
(Section S1, Fig. S1) and microFTIR for their shapes and sizes (Section
S1, Figs. S2 and S3, Table S1). Raman spectroscopy confirmed MPs
identities (Fig. S1). The shapes of MPs are mostly spheres and spheroids
with some fragments, while there were no fibers (Fig. S2). The length of
large PS MPs was in the range 95-870 pm (average 260 pm, median
197), for small PS in the range 43-178 pm (average 112, median 120
pm), and for small PET in the range 44-321 pm (average 143, median
125) (Fig. S3 and Table S1).

Ovalbumin was isolated and purified according to a previously
published method, with minor modifications [28] and its purity was
confirmed by reducing SDS-PAGE electrophoresis (Section S2, Fig. S4).

2.1. Binding analysis of ovalbumin to microplastics

Unless otherwise stated, all incubations were performed at room
temperature with reaction volumes of 1 mL. Two buffers were used, 20
mM phosphate buffer pH 7 and 20 mM glycine buffer pH 3.

Previous to performing the binding experiment for affinity calcula-
tion, equilibration time points for ovalbumin binding to tested micro-
plastics under both pH conditions were determined (Section S3,
Fig. S5). This was done by incubating 2 mg/mL of ovalbumin to 20 mg
of each microplastic type. Reaction mixtures were constantly mixed on a
rotator at room temperature. Microplastic particles were separated from
the supernatant by centrifugation at 13000 rpm (MiniSpin centrifuge,
Eppendorf, Hamburg, Germany) and further filtration using 0.22 pm
filters (PVDF protein low-binding, Durapore, Merck). Absorbances of
supernatants at 280 nm were measured at the beginning of the experi-
ment and after 1, 2, 4 and 19 h of reaction. The theoretical extinction
coefficient for ovalbumin, e1¢, = 7.16, was used to calculate its con-
centration [29].

For affinity constant calculation, five different concentrations of
ovalbumin were incubated to a fixed mass of microplastic (20 mg).
Concentrations used were 0.25, 0.35, 0.5, 1 and 2 mg/mL. Reactions
were constantly mixed on a rotator at room temperature. When equili-
bration time was reached, 4 h for all tested conditions and microplastic,
reaction mixtures were centrifuged, filtrated and absorbance at 280 nm
was measured as previously explained. Obtained data were fitted using
Langmuir, Freundlich, Redlich—Peterson (RP) and
Guggenheim—Anderson—de Boer (GAB) adsorption models. Fitting and
binding parameters were obtained using Origin software by non-linear
regression analysis.

For Langmuir adsorption isotherm, the following equation was used:

~ Qmx KL x Ce

_ 1
Qe = KL x Ce M

Where Qe (mg/g) is the mass of adsorbed protein per gram of micro-
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plastic at equilibrium, Ce (mg/L) is the concentration of unbound pro-
tein in solution at the equilibration point, Q, (mg/g) is the maximum
amount of adsorbed ovalbumin per mass unit of MPs and K;, (mL/mg) is
Langmuir constant.

From the Langmuir model, the separation factor or equilibrium
parameter (Ryp) is calculated using the following equation:

1

RL = Rixco

()
where K}, is the Langmuir constant and Cy is the highest initial concen-
tration of ovalbumin used.

For Freundlich adsorption isotherm, the following equation was
used:

Qe = Kg x CeV, 3

where N is dimensionless reaction order and represents the measure of
heterogeneity and Kg ((mg/g)*(mL/mg)l/ ™ is the Freundlich constant.
For RP adsorption isotherm, the following equation was used:

KR x Ce

Qe = e

4

where Kg (mL/mg) is Redlich—Peterson constant, « is a constant in mL/
mg and f is an exponent that usually ranges from O to 1. If it is close to 1,
the model approaches the Langmuir isotherm and if it is close to 0, it
approaches the Freundlich model.

For GAB adsorption isotherm, the following equation was used:

QG x Khard G x Ce

5
(1 — Ksoft G x Ce)(1 + Khard G — Ksoft G x Ce)’ )

Qe =

where Qg (mg/g) is the surface concentration of strongly adsorbed
protein, Khard g (mL/mg) is the adsorption constant for the hard corona
and Ko g is the adsorption constant for the soft corona.

2.2. Circular dichroism (CD) spectrometry analysis of ovalbumin in the
presence of microplastics

The influence of microplastic on the structure of ovalbumin was
tested by CD spectrometry. For this purpose, 1.3 mg/mL of ovalbumin
was incubated in the presence of 20 mg/mL of all three types of
microplastic on both pH 3 and pH 7, at room temperature, under con-
stant mixing on rotator. Immediately after mixing the two components,
microplastic was removed from the mixture, as explained in Section 2.1
and CD spectra of ovalbumin in the supernatant were recorded. This was
the 0 h time point. The same procedure was done after 1, 2 and 4 h of
incubation, as well, for observation of structural changes of ovalbumin
during the time interval it needs to reach binding equilibrium. As a
control, spectra of ovalbumin without microplastic were recorded in the
same time intervals. The secondary structure of ovalbumin was moni-
tored by recording far-UV CD spectra in the wavelength region from 190
to 260 nm, while the tertiary structure was monitored by recording near-
UV CD spectra in the wavelength region from 260 to 320 nm. Signals
originating from corresponding buffers were subtracted from obtained
spectra of ovalbumin. Spectra were normalized by presenting results as
molar ellipticity. Obtained far-UV CD spectra were further analyzed by
the CDpro software package, using the CONTIN algorithm, to calculate
secondary structure motifs. SP29 database was used for the analysis.

2.3. Analysis of soft and hard corona formation by isolated ovalbumin on
the surface of MPs

Soft and hard ovalbumin corona on MPs were isolated from sepa-
rated MPs samples, previously incubated for 4 h and used for CD spec-
trometry analysis, using the procedure of Magri et al. [30]. Pelleted
microplastics, from which supernatants were removed, were washed
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three times with distilled water (200 pL each time) to remove soft corona
from the microplastic. Each time, pellets were vortexed for 30 s, incu-
bated for 5 min in water, pelleted and supernatants were removed and
kept for analysis. After three cycles of water washing, Laemmli buffer
was added to microplastic pellets to obtain OVA from the hard corona.
These mixtures were incubated for 10 min at 95 °C, with constant
shaking. All of the samples were analyzed by reducing SDS-PAGE using
12 % gel. The gels were stained with Coomassie Brilliant Blue (CBB) and
scanned using Typhoon™ FLA 7000 biomolecular Imager (Cytiva, USA).
Protein bands were analyzed by densitometry using ImageQuant soft-
ware and subject to MS analysis as described in detail in section S4 in
Supplementary material.

2.4. Analysis of soft and hard corona formation by egg white protein
extract on the surface of MPs

Egg white extract was prepared according to published procedure
[28]. One egg white was mechanically separated from egg yolk. To 35
mL of egg white 105 mL of 100 mM NaCl was added and the extract was
homogenized for 1 h while gently mixing on a magnetic stirrer. The pH
of the homogenate was adjusted to 6 and stirred for another 30 min.
Ovomucin was left to precipitate at 4 °C overnight. The next day the
precipitated ovomucin was separated by centrifugation at 5000 xg for
20 min at 4 °C. Concentration of protein in the extract was determined
with a BCA assay (Pierce, Thermo Fisher Scientific, USA) to be 28.5 mg/
mL.

The concentration of the egg white extract was adjusted to 1.3 mg/
mL, as with previous experiments, using a 20 mM phosphate pH 7 or 20
mM glycine pH 3 buffer. To 20 mg of MPs 1 mL of diluted extract was
added. MPs were incubated with the extract for 4 h at room temperature
with constant rotation. Soft and hard coronas were obtained as previ-
ously described in Section 2.3. All samples were analyzed by reducing
SDS-PAGE using 12 % gel (Hoefer Scientific Instruments, USA). For the
controls 10 pL was placed in wells, and for the samples 30 pL. The gels
were stained with Coomassie Brilliant Blue (CBB) and scanned using
Typhoon™ FLA 7000 biomolecular Imager (Cytiva, USA). Protein bands
were analyzed by densitometry using ImageQuant software.

2.5. Influence of thermal treatment on the structure of bulk and
ovalbumin from soft corona obtained from small PET and small PS, at pH
7

For the next three experiments, the samples of bulk and soft corona
ovalbumin were prepared as described in Section 2.3 and further treated
as described in the following sections.

2.5.1. Structural analysis by CD spectrometry

Far-UV CD spectra of all ovalbumin samples, 200 pL, in final con-
centrations of 0.1 mg/mL were recorded using the cuvette with optical
path length of 1 mm at 25 °C. Spectra were recorded as described in
Section 2.2 using the same equipment. After recording of CD spectra,
samples were incubated for 10 min at 80 °C with shaking at 350 rpm
using thermo shaker TS-100 (BioSan, Latvia). After thermal treatment,
samples were cooled to 25 °C and far-UV CD spectra were recorded
again. Signals originating from corresponding buffers were subtracted
from obtained spectra of ovalbumin. Spectra were normalized by pre-
senting results as molar ellipticity. Obtained far-UV CD spectra were
further analyzed by the CDpro software package, using the CONTIN
algorithm, to calculate secondary structure motifs. SP29 database was
used for the analysis.

2.5.2. Thioflavin T (ThT) assay

Fluorescence emission of ThT alone and in the presence of OVA
samples was measured by excitation of ThT at 435 nm and recording
emission at 485 nm. ThT was added at final concentration of 20 pM to
prepared OVA samples (0.05 mg/mL, final concentration). Fluorescence
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signals were first recorded unheated at room temperature using a
FluoroMax-4 spectrofluorimeter (Horiba Scientific, Japan) with excita-
tion and emission slits set at 5 nm. Samples were then treated thermally
in the same way as in Section 2.5.1, cooled to 25 °C following the
addition of ThT and recording of its emission again. Obtained spectra
were corrected by subtracting emission spectra from appropriate con-
trols without ThT.

2.5.3. Determination of temperature stability

Thermal stability, indicated by melting temperature (Tm), was
determined by spectrofluorimetry using FluoroMax®-4 spectrofluorim-
eter (Horiba Scientific, Japan), with Peltier element. The thermal sta-
bility of ovalbumin samples were recorded in the temperature range
from 25 to 89 °C. Temperature increment was 2 °C/min and equilibra-
tion time was set to be 1 min. Ovalbumin samples, with a final con-
centration of 400 nM, were excited at 280 nm and emission spectra were
recorded in the range from 300 to 400 nm. Melting curves were plotted
as a reduction of emission maxima at 338 nm with temperature. Data
were fitted into sigmoidal curves with inflection points representing Tm.

2.5.4. Digestion analysis
Digestion procedure is explained in Supplementary material, Section
S5.

2.6. Statistical analysis

The data are presented as the mean + S.D. Unless otherwise stated,
all experiments were conducted two times. Data were analyzed using
one-way ANOVA with Tukey’s multiple comparison test at a significance
level of 0.05.

3. Results
3.1. Binding analysis of ovalbumin to microplastic particles

The equilibration time point, at which processes of adsorption and
desorption of molecules on the adsorbent are at equilibrium, is the time
point used for calculating affinity constants. Regarding ovalbumin and
three tested microplastics, small PET, small PS and large PS, the equil-
ibration time was determined to be 4 h, Fig. S5. This equilibration time
was the same at both pH 3 and pH 7.

Adsorption equilibrium data, which express the relationship between
the mass of OVA adsorbed per unit weight of MPs at equilibrium (Qe)
and OVA equilibrium concentration in solution (Ce), were obtained.

Table 1
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Experimental adsorption isotherms were analyzed by Langmuir,
Freundlich, RP, as well as GAB isotherms, by non-linear regression
analysis.

Fig. S6. shows the fit of the isotherm models to the experimental data
for the adsorption of OVA onto MPs. Obtained isotherms are charac-
terized by a large increase in the amount adsorbed at low concentra-
tions, followed by a lower increase and finally by a plateau at high
concentrations. It could be observed that in the case of OVA adsorption
at small MPs (Fig. S6. A, B, C and D) Qe increase with Ce increase is
more pronounced than with large MPs (Fig. S6. E and F). Saturation is
reached at lower OVA concentration, presumably because of the higher
available surface per mass unit. In contrast to PS MPs isotherms (Fig. S6.
C, D, E and F), both PET MPs isotherms tend to demonstrate biphasic
curves (Fig. S6. A and B, third point). At pH 7 the best fitting was
obtained for RP isotherm, and at pH 3 GAB and RP isotherms, while
Freundlich was less favorable.

Langmuir, Freundlich, RP and GAB isotherms constants for the
adsorption of OVA onto MPs are shown in Table 1. Nonlinear regression
analysis was used as, in comparison to linear regression analysis, this
method does not transform data sets and thus no distortions are created
in the original error distribution. The best correlation coefficients were
obtained for PR isotherms, while the lowest correlation was obtained for
Freundlich isotherms.

K, (Langmuir constant), Kg (Redlich—Peterson constant) and Khard
(adsorption constant for the hard corona) are measures of OVA affinity
toward MPs. According to Langmuir constant (Kp), In general, OVA has
higher affinity for PS MPs than for PET MPs, affinity is higher at pH 3 for
all MPs, and at pH 7 OVA affinity is higher for MPs with smaller surface
per mass (large PS). Similarly, based on RP constant, OVA affinity is
higher at pH 3, and at pH 7 affinity is higher for MPs with smaller surface
per mass. However, higher affinity was obtained for PS than for PET only
at pH 3, and the difference between pH 3 and pH 7 is more drastic (for
small PS even two orders of magnitude higher). It should be mentioned
that although the size of small PS is slightly lower than size of small PET,
thus having a slightly higher surface, the difference in their affinity is
dominantly due to difference in type of plastic and only partly due to
difference in surface. In contrast to Langmuir isotherm, RP isotherm
gives a pronounced difference between the affinity of small PS and large
PS at pH 3, where small PS has a higher affinity for an order of magni-
tude. Although it was not possible to reliably get parameters for GAB
isotherms at pH 7, at pH 3 a similar trend was obtained as for Langmuir
and RP isotherms. Moreover, Kyaq g Values are similar to Ky, values at
pH 3. Similarly to RP isotherms, from GAB isotherm difference between
affinity of small PS and large PS at pH 3 is observable, where PS MPs

Langmuir, Freundlich, Redlich—Peterson and Guggenheim—Anderson—de Boer (GAB) isotherms constants for the adsorption of OVA onto MPs obtained by nonlinear
regression analysis. n/a — it was not possible to reliably get parameters for GAB isotherms at pH 7. Kj, - Langmuir constant, Q;, - maximum amount of adsorbed protein,
Ry - Langmuir equilibrium parameter, Ky - Freundlich constant (adsorption capacity), n - characterizes the heterogeneity of the system, KR - Redlich—Peterson
constant, a and p — constant and exponent in Redlich—Peterson equation, Qg - surface concentration of strongly adsorbed protein, Kyarq G -adsorption constant for the
hard corona, Ks: G -adsorption constant for the soft corona, R? - coefficient of determination for corresponding isotherm curves.

Isotherm model Parameters of isotherms Small PET Small PET Small PS Small PS Large PS Large PS pH 3
pH7 pH3 pH7 pH3 pH7
Langmuir K, (mL/mg) 1.2 6 1.4 10 4 10
Qy, (mg/g) 8.34 9.26 11.11 26.75 3.81 4.36
RL 0.294 0.077 0.263 0.048 0.111 0.048
R? 0.83 0.93 0.97 0.975 0.86 0.99
Freundlich Kg ((mg/g)*(mL/mg)l/“) 4.26 7.59 5.98 23.73 2.86 3.88
n 1.988 4.608 1.972 4.098 3.745 7.936
R? 0.78 0.88 0.9 0.96 0.66 0.87
Redlich — Peterson Kr (mL/mg) 8.55 62.0 6.22 425 8.85 42.5
o (mL/mg) 0.00155 8.7 1.25E-06 35 0.0569 8.7
B 1.856 0.965 2.724 0.89 1.486 1.014
R? 0.995 0.896 0.807 0.992 0.972 0.983
Guggenheim-Anderson-de Boer Qg (mg/g) n/a 9.179 n/a 23.2 n/a 4.399
Khara ¢ (mL/mg) n/a 6.000 n/a 13.913 n/a 10.268
Ksoft g (mL/mg) n/a —0.004 n/a 0.086 n/a —0.004
R? n/a 0.893 n/a 0.989 n/a 0.981
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with higher surface per mass have higher affinity.

Reliable Kot ¢ was obtained only for small PS at pH 3, most likely
due to the highest affinity. Knharq g value for small PS at pH 3 is for about
two orders of magnitude higher than K . Studies using GAB isotherm
for protein binding to silica nanoparticles observed difference between
Khard g and Kot G for several orders of magnitude [31,32]. Such low Ky
¢ implies that OVA molecules in soft corona easily desorb to bulk solu-
tion. Ratio of Knard G / Ksoft G, presenting a measure of adsorption from
soft corona to hard corona, is very high (about 160), implying very low
desorption of OVA molecules from hard corona to soft corona due to
strong OVA binding in hard corona.

QL. (maximum amount of adsorbed protein), K (Freundlich constant,
adsorption capacity) and Qg (surface concentration of strongly adsorbed
protein) are measures of adsorption capacity of MPs for OVA. Based on
QL it can be observed that adsorption capacity is higher for MPs with
higher surface per mass (small PS and small PET), adsorption capacity is
higher for PS than for PET, adsorption capacity is higher at pH 3 than at
pH 7 and adsorption capacity is the highest for small PS at pH 3. As
mentioned above, the adsorption capacity of small PS than small PET is
mainly due to difference in MPs type and less due to slightly higher
surface area of small PS. Similar trend is observable according to
Freundlich constant, except that differences at pH 3 and pH 7 are more
drastic (for about order of magnitude) and at pH 7 adsorption capacity is
higher for MPs with smaller surface per mass (large PS). It should be
mentioned that each Kg is lower than the corresponding value of Qr, as Kg
is not a measure of the total adsorption capacity, but should be
considered as a comparative measure of the adsorption under specified
conditions [33]. At pH 3 Qg values from GAB isotherm are very similar
to Q. values from Langmuir isotherm (9.179 vs 9.26, 23.2 vs 26.75 and
4.399 vs 4.36).

Freundlich isotherm implies that tested OVA-MPs are heterogeneous
systems, as for all MPs n values are higher than 1. Heterogeneity is
higher for MPs with lower surface per mass (large PS) and it is higher at
pH 3 than pH 7, but heterogeneity does not depend on MPs type.
Adsorption heterogeneity is most likely due to multilayer adsorptions.
Values 1 < n < 10 indicate that OVA is favorably adsorbed by all MPs,
but adsorption is not linear, e.g. there is decrease in the interaction
between the MPs and OVA with the increase in OVA density on MPs
surface. In RP isotherm f values at pH 3 are near 1, suggesting that at pH
3 experimental isotherms are approaching more Langmuir than
Freundlich isotherm. Calculated R; values, Langmuir equilibrium
parameter, is 0 < Ry, < 1 for all tested MPs, implying that adsorption is
favorable. However, it could be observed that at pH 3 interactions are
much stronger than at pH 7, going toward 0, e.g. toward irreversible
adsorption.

—OVAPpH 7 0h |
——OVAPpH 30h =
—OVAPpH 3 1h

1.0x10 ——OVAPpH 3 2h a0
—OVApH 34h

- - -Small PET pH 3 Oh
- - -Small PET pH 3 1h
Small PET pH 3 2h
- - -Small PET pH 3 4h
— —Small PS pH 3 0h

8.0x10° ¥y

4x10*

6.0x10°

-5x10*

Molar ellipticity ((mdeg x cm?) / dmol)

— —Small PS pH 3 1h
— —Small PS pH 3 2h
— —Small PS pH 3 4h
-Large PS pH 3 Ch
--Large PS pH 31h
‘Large PS pH 3 2h
Large PS pH 3 4h

4.0x10°
Wavelength (nm)
2.0x10°
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3.2. Influence of microplastic on the structure of bulk ovalbumin after its
incubation with MPs

Far UV, Fig. 1, and near UV, Fig. 2, CD spectra were recorded in OVA
samples after its incubation for 1 h, 2 h, 3 h and 4 h without and with
MPs at pH 3 and pH 7. Far UV CD spectra were further analyzed using
the CDpro software package (Table 2).

From far UV CD spectra of OVA at pH 7, a minimum could be
observed at around 222 nm and a shoulder at 208 nm, consistent with
the typical OVA native secondary structure containing a mixture of
a-helix and B-sheet structures [34]. Depending on pH, presence or
absence of MPs, type and size of MPs, as well as the time of incubation,
there are slight changes in OVA secondary structure. These changes are
more observable in far UV CD spectra (inserts in Fig. 1) and calculated
secondary structure content presented in Table 2. Although there are
slight secondary structure changes even in OVA alone when incubated at
pH 7, these changes are more pronounced in the presence of MPs. In the
presence of all MPs, at both pH, the first change of secondary structure
occurs as a B to «a transition. Depending on MPs and pH, it happens at
different incubation time, lasts for a shorter or longer time and transi-
tions to different extent. This transition starts at 1 h, except for small PS
at pH 3, where the B to o transition happens already at 0 h. § to «
transition is followed by o to f transition in all samples except large PS at
pH 7. These results suggest that the presence of MPs potentiates OVA
secondary structure changes, particularly small PS.

In contrast to secondary structure, OVA tertiary structure changes
are more dramatic, again depending on pH, presence or absence of MPs,
type and size of MPs, as well as time of incubation. Conformational
changes of OVA alone during incubation up to 4 h could be observed at
both pH. However, in the presence of MPs conformational changes are
much more pronounced. In comparison to OVA alone at pH 3, in the
presence of all MPs at pH 3 there is decreased near UV CD signal, sug-
gesting that aromatic amino acid residues loose fixed asymmetric
environment, particularly Tyr and Trp residues. This implies loosening
of tertiary structure, e.g. destabilization of OVA conformation. This
destabilization was most pronounced in the presence of small PET after
2hand 4 h, as well as in the presence of large PS after 4 h. In contrast, at
pH 7 in the presence of MPs there is an increase of near UV CD signal, in
comparison to OVA alone at pH 7, demonstrating that Phe, Tyr and Trp
residues are in a more fixed asymmetric environment. This implies that
the presence of MPs induces a more ordered tertiary structure. This
stabilization of tertiary structure was most pronounced in the presence
of large PS after 2 h and 4 h, and particularly in the presence of small PS
after 4 h.
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Fig. 1. Far UV CD spectra of ovalbumin (OVA) samples after incubation for 1 h, 2 h, 3 h and 4 h without and with microplastics (MPs) at pH 3 (A) and pH 7 (B).
Inserts represent zoom out of region 200-235 nm. OVA pH 7 at 0 h is native OVA.
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Fig. 2. Near UV CD spectra of ovalbumin (OVA) samples after incubation for 1 h, 2 h, 3 h and 4 h without and with MPs at pH 3 (A) and pH 7 (B). OVApH 7 at 0 h is

native OVA.

Table 2
Calculated content (%) of secondary structure motifs in OVA samples incubated
with or without MPs using the CDpro software package.

Time (h) a-helix p-sheet Turn Random
pH3
OVA alone 0 31.3 17.2 22.1 29.2
1 30.6 18.1 21.6 26.7
2 31.4 18.1 21.3 29.1
4 29.9 19.1 21.7 29.3
OVA -+ small PET 0 30.8 19 21 29.2
1 30.8 19 21 29.2
2 32.7 17.6 20.4 29.4
4 31.9 18.3 20.7 29.2
OVA + small PS 0 31.8 18.3 20.9 29.1
1 34 15.9 21.2 28.9
2 31.9 17.8 21.3 29
4 317 17.2 22.2 29
OVA + large PS 0 30.8 18.7 21.1 29.4
1 33.1 16.8 21.1 29
2 32.1 17.4 21.3 29.2
4 31 19.6 20.3 29.3
pPH7
OVA alone 0 32.3 18 20.8 29
1 31.8 18.9 20.5 28.9
2 321 18 21.1 28.8
4 32 17.5 21.3 29.3
OVA + small PET 0 31.4 18.9 20.3 29.4
1 32.7 17.4 20.4 29.4
2 333 17.5 20.1 29
4 31.7 18.7 20.3 29.3
OVA + small PS 0 34.3 16.9 19.9 28.8
1 36.4 15.4 19.6 28.5
2 35.2 16 19.5 29.2
4 31.3 19 20.6 29.1
OVA + large PS 0 31.6 18.6 20.2 29.6
1 33 18.3 19.2 29.4
2 33.7 17.3 20.2 28.8
4 34.5 18 20 29.5

3.3. Soft and hard corona formation of ovalbumin on the surface of MPs

Analysis of protein corona shows that ovalbumin is capable of
forming both soft and hard corona onto the surface of all three tested
MPs, after 4 h of incubation, Fig. 3. This was also observed at both pH 3
and pH 7. Besides the ovalbumin band, additional protein bands could
be observed, especially in hard corona, lanes 4, formed at pH 7 onto the

surface of small PET and small PS, where they accounted for about 50 %
of the entire protein amount, as determined by densitometry. While
these protein bands are almost not observable in control ovalbumin
preparation (Lanes marked as Ctrl on Fig. 3), it seems that they were
concentrated by MPs, and thus their appearance became stronger. This
also indicates that they have higher preferences for the interaction with
the tested MPs, compared to OVA. Protein bands other than full length
OVA from hard corona of small PS (Fig. 4A, lane 4 at pH 7) were
analyzed by mass spectrometry (Section S4, Fig. S7). The band,
approximately 40 kDa in size, is predominantly composed of ovalbumin
(OVA) along with minor quantities of ovomucoid, ovotransferrin, pro-
tein TENP, and OVA-related proteins. The other bands are solely
composed of OVA, indicating that all bands present in the hard corona
are essentially fragments of OVA. As protein fragments are partially or
fully unfolded, they have higher levels of exposed hydrophobic patches,
resulting in higher affinity for MPs surface in comparison to intact OVA
having folded conformation. On the other hand, soft corona is made
almost exclusively from intact, full length, protein.

3.4. Influence of thermal treatment on the structure of soft corona
ovalbumin

Soft corona ovalbumin was isolated from PS and PET MPs and sub-
ject to characterization of secondary and tertiary structure changes by
CD spectroscopy, at room temperature and after thermal treatment at
80 °C. OVA remaining in solutions after separation of MPs (bulk OVA),
as well as OVA not exposed to MPs were analyzed in addition. Far-UV CD
spectra of OVA samples before and after thermal treatment are pre-
sented in Fig. 4A. At room temperature, the secondary structure of OVA
forming the soft corona on both PET and PS MPs is pronouncedly altered
compared to control sample and corresponding bulk ovalbumin. This
change is reflected in decrease in o-helices and increase in f-sheets and
turns, e.g. o to p transition, which was more pronounced in PET soft
corona (Table 3). Thermal treatment for 10 min at 80 °C induced
structural alterations of OVA in all analyzed samples, with « to p tran-
sition (Fig. 4A). However, this o to p transition was dramatic in both PET
and PS soft corona, where a-helices were reduced to half and f-sheet
increased twice of their content in native OVA, but without changes in
random coil. These results suggest that in soft corona at both room
temperature and after short heat treatment, the level of ordered sec-
ondary structures is completely preserved, but with rearrangement of
a-helices and p-sheets, which was more dramatic after heat treatment. It
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Fig. 3. Formation of soft and hard corona by ovalbumin on the surface of small polyethylene terephthalate (PET) (A), small polystyrene (PS) (B) and large poly-
styrene (PS) (C) at pH 3 and 7. Lanes 1-3: ovalbumin from soft corona, lanes 4: ovalbumin from hard corona, Ctrl: control ovalbumin incubated without microplastics

(MPs), MW: molecular weight markers.
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Fig. 4. Far CD spectra of control, bulk and soft corona ovalbumin (OVA) samples before and after heating for 10 min at 80 °C. Bulk and soft corona OVA were made
by incubation with small polystyrene (sPS) and small polyethylene terephthalate (SPET) (A). Melting point (Tm) values of control, bulk and soft corona OVA samples
(B). Intensity of thioflavin T (ThT) emission measured at 485 nm of control, bulk and soft corona OVA samples before and after heating for 10 min at 80 °C (C). Means

with different letters (a-b) have significant differences (p < 0.05).
could also be observed that the content of secondary structure in soft
corona of both MPs at 25 °C is similar to thermally treated OVA and bulk

fraction of OVA, implying that conformational changes in soft corona
resemble conformational changes induced by heat treatment.

3.5. Thermal stability of OVA exposed to MPs

Examination of thermal stability of OVA by spectrofluorimetry

demonstrated that its incubation with both types of MPs (PS, PET, small
size) has no effect on OVA in both bulk fraction and soft corona (Fig. 4B).
Melting point of all samples was about 75 °C. Thus, MPs-induced
conformational changes with completely preserved level of ordered
secondary structures have as a consequence retained thermal stability of
OVA.
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Table 3
Calculated content (%) of secondary structure motifs in ovalbumin samples at
25 °C and after heating at 80 °C for 10 min using the CDpro software package.

o helix p sheets turns random

25°C

OVA 33.6 14.2 22,5 29.7
Bulk OVA small PET 335 16 21.3 29.2
Bulk OVA small PS 33.9 16.3 20.8 29.1
Soft corona OVA small PET 23.5 25.6 21.4 29.5
Soft corona OVA small PS 28.5 17.5 24.2 29.9
80°C

OVA 23.9 25.7 21.3 29.2
Bulk OVA small PET 23.9 24.8 22.2 29.1
Bulk OVA small PS 24.3 24.8 21.8 29
Soft corona OVA small PET 16.8 31.4 22.7 29.1
Soft corona OVA small PS 18.5 30.4 21.9 29.2

3.6. Fibril formation propensity of OVA exposed to MP

ThT fluorescence intensity upon fibril binding makes it an unusually
sensitive and efficient reporter of amyloid formation. Dye binding is
linked to the presence of the cross- structure of fibrils. Ovalbumin is
known to form amyloid fibrils at higher temperatures [35]. Presence of
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ovalbumin induced fluorescence emission of ThT, Fig. 4C suggesting
presence of cross-f structure of fibrils. There were no statistically sig-
nificant differences in ThT emission for all OVA samples analyzed at
25 °C, which is in agreement with stabilization of tertiary structure of
bulk OVA in the presence of both PET and PS microplastics (Section 3.2).
Thermally treated OVA samples, on the other hand, induced signifi-
cantly higher emission of ThT, compared to non-treated samples in
agreement with known propensity of OVA to form fibrils upon heating.
Interestingly, thermal treatment had a similar effect on ThT emission in
control OVA and bulk fraction of OVA incubated with both MPs, while
heated OVA from soft corona induced significantly lower emission of
ThT than heated control and bulk samples (p < 0.05). The result suggests
that fibril formation induced by heat in soft corona OVA is affected.

3.7. Digestion stability of soft corona ovalbumin to pepsin and trypsin
digestion

OVA is a protein known to be very resistant to trypsin and pepsin
digestion. Changes in protein conformation may affect protein di-
gestibility. Therefore, we tested OVA, as well as bulk and soft corona
OVA to pepsin and trypsin digestion. Digestibility of OVA, incubated
with small PS and small PET, in bulk solution and soft corona, by trypsin
(after 2 min and 2 h) and pepsin (after 30 min) was not different in
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Fig. 5. Remaining intensity of ovalbumin (OVA) band (%) obtained by densitometry of reducing SDS-PAGE analysis of ovalbumin digestion by trypsin during 2 min
(A) and 2 h (B). Remaining intensity of OVA band (%) obtained by densitometry of reducing SDS-PAGE analysis of ovalbumin digestion by pepsin (C).
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comparison to native OVA (Fig. 5, Section S5, Fig. S8).

3.8. Analysis of soft and hard corona formation by egg white protein
extract on the surface of MPs

The observed structural and conformational alterations in ovalbumin
(OVA) following its interaction with MPs were examined using isolated
proteins of high purity. To evaluate whether ovalbumin (OVA) interacts
with microplastics (MPs) as effectively in the presence of other egg white
proteins, we prepared an extract of egg white proteins and examined
corona formation using SDS-PAGE, specifically focusing on the 40 kDa
region of the gel to detect the presence of OVA. Results show that OVA in
the presence of egg white protein extract forms both soft and hard
corona on the surface of tested MPs under both acidic and neutral
conditions, Fig. 6A and B. All three tested parameters have similar in-
fluence on OVA binding to MPs in the presence of egg white proteins, as
already demonstrated with a purified OVA: MPs type, MPs size and pH.
MPs with lower size adsorb higher mass of protein in both soft and hard
corona, particularly at pH 3, and PS adsorbs higher mass of protein in
both soft and hard corona than PET of the same size. This is in accor-
dance with results obtained for adsorption affinity and capacity of OVA
alone, e.g. small PS > small PET > large PS. However, it seems that at
pH 7, higher amounts of proteins are absorbed on all tested MPs, espe-
cially considering hard corona. Particularly, lysozyme (14 kDa protein),
is present only in hard corona at pH 7. Main proteins in soft corona on
both pH values and in hard corona at pH 3 are ovalbumin and ovo-
transferrin, which is in accordance with their representation in egg
white. Actually, the most dominant egg white proteins are ovalbumin
(54 %), ovotransferrin (12 %), and ovomucoid (11 %), (Stevens, 1991).
As ovomucoid was mostly removed during preparation of egg white
protein extract, its binding could not be detected. Hard corona on pH 7
besides these two proteins contains also lysozyme and ovomucin, the
next dominant egg white proteins, represented in egg white with 3.5 %
and 1.5 %, respectively. Moreover, these proteins are more abundant in
hard corona than in control samples, suggesting that lysozyme and
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ovomucin have higher affinity toward MPs than OVA and ovo-
transferrin. Compared to the results obtained with purified OVA (Fig. 3),
OVA in the presence of egg white extract proteins seems to bind in
higher amounts at pH 7 in hard corona. This suggests that the presence
of other egg white proteins may influence binding of OVA to MPs at pH
7.

4. Discussion

Research studies on interactions between proteins and MPs, with a
focus on structural and functional consequences of the interactions, is
scarce. Our work provides insight into the interactions of food allergen
ovalbumin and two different types of MPs (PET and PS), as well as
different sizes of PS (small and large). The effect of MPs on the OVA
structure and its corona formation on MPs surface was investigated, as
well as the influence of thermal treatment on MPs-treated OVA. OVA
corona formation was also investigated in the presence of other egg
white proteins. Conditions of binding covered acidic and neutral,
mimicking different pH scenarios occurring in food and during
ingestion.

The protein adsorption process is considered very complex, with
several stages taking place, either one after another, or simultaneously.
Proteins may bind to the adsorbent irreversibly (hard corona) or
reversibly (soft corona). Binding may also affect their structure, which in
turn may cause additional binding to the adsorbent or spreading on its
surface [36]. In addition, structural alterations of proteins may enable
and facilitate mutual interactions with one another, potentially leading
to formation of several protein layers onto the adsorbents. In single-
protein systems, such as one applied in our study, where there is no
competing adsorption among several proteins, continuous and dynamic
protein adsorption and desorption occur. However, in our study there is
an additional level of complexity. MP particles we studied are of very
heterogeneous shapes and surfaces corresponding well to what can be
found in the environment.

Several models were applied in an attempt to describe the adsorption
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Fig. 6. Formation of soft and hard corona by egg white protein extract on the surface of small polystyrene and large polystyrene (A) and small polyethylene
terephthalate (B), at pH 3 and 7. Lanes 1-3: egg white protein extract from soft corona, lanes 4: egg white protein extract from hard corona, Ctrl: control egg white
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behavior of OVA to PET and PS as precisely as possible: Langmuir,
Freundlich, RP and GAB isotherms. Langmuir model is the most, and
frequently the only one used, model for analysis of adsorption equilib-
rium data. Although in most cases isotherm data from protein adsorp-
tion studies fit well by the Langmuir isotherm, Langmuir assumptions
make this model quite inappropriate for protein adsorption [36]. There
are opinions that the Langmuir model can give a valid thermodynamic
description of the first interaction steps of proteins with particles
[37,38]. Considering that our MPs could have a variety of OVA
adsorption sites, having different adsorption energies and rates of
adsorption, and that adsorbed proteins could interact between them-
selves, we have also used the Freundlich model [39]. Three parameter
Redlich—Peterson isotherm was also used in this study as it does not
assume ideal monolayer adsorption behavior, and can be used in both
homogeneous and heterogeneous systems due to its versatility,
combining advantages of both Freundlich and Langmuir models [40].
GAB model is a three-parameter model that can be used to describe
multilayer adsorption on different areas of the surface, and assumes that
the state of adsorbed molecules in the second and all higher adsorption
layers is the same, but different from that in the first layer [41].
Therefore, this model is also used, as it is the most suitable for protein
adsorption where protein hard and soft corona forms on the particle
surface [31,32].

All four tested models provide consistent results, even though the
parameter values are not exactly the same. Our experimental results fit
well to Langmuir isotherm, although our experimental system does not
meet any of Langmuir assumptions (monolayer adsorption, homoge-
neous sites, constant adsorption energy, and no lateral interaction be-
tween the adsorbed molecules). However, other three used models
demonstrated that this model can provide a relatively good rough esti-
mation of adsorption affinity and capacity. On the other hand, Langmuir
isotherm cannot discriminate affinity of different sizes of PS at pH 3, in
comparison to RP and GAB models, which are more appropriate for our
experimental system. Similarly, Langmuir isotherm is inferior in
discrimination of adsorption capacity at pH 3 and pH 7, in comparison to
Freundlich model. Besides, Freundlich isotherm provides insight into
system heterogeneity, while GAB isotherm is providing constant for
OVA adsorption at soft corona. Using the GAB model we were not able to
get reliable parameters at pH 7, most likely due to too low adsorption. It
could be observed that even at pH 3 we obtained negative values of K
¢ for small PET and large PS as they have lower adsorption in compar-
ison to small PS. Therefore, for protein adsorption to MPs in general,
GAB model seems to be the most relevant, providing additional Kgoft
constant describing adsorption and desorption between soft corona and
bulk solution. However, for protein adsorption to plastic particles, the
most reliable estimation of adsorption could be obtained by using
several isotherm models.

In general, protein adsorption on MPs depends on type of plastics,
protein sequence and conformation, particle size, particle surface, as
well as conditions of adsorption determining interactions between pro-
tein and particle surface, such as pH, ionic strength and temperature. All
three tested parameters determine OVA affinity and adsorption capac-
ity: MPs size (smaller MPs > larger MPs), MPs type (for PS > PET) and
pH (at pH 3 > at pH 7). Among all particles tested, the highest affinity
and adsorption capacity for OVA was observed for smallest particles
tested, PS, (112 pm, range 43-178 pm) at pH 3, corresponding well to the
highest surface available for interaction with the protein. In the litera-
ture, only few studies have investigated binding parameters of proteins
to microplastics in detail by utilizing several binding isotherms. In a
study investigating interactions of pepsin with polystyrene, binding
capacity of smaller particles was greater than bigger ones, and multi-
layered adsorption was proposed, similar to results for ovalbumin [25].

Hydrophobic interactions through the backbone and mainly z-n in-
teractions between aromatic residues and PS phenyl rings [42] play a
critical role in protein adsorption on PS particles. On the other hand,
PET has a mixed alkyl and aromatic backbone to yield mildly

10
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hydrophobic properties, aromatics allowing for n-n interactions, and
even carboxylate end groups adding hydrophilicity. This explains pro-
foundly higher OVA adsorption affinity toward PS than PET. Similarly,
due to higher contribution of hydrophobic surface in total MPs surface,
PS MPs have also higher adsorption capacity for OVA. Small MPs have
higher surface per mass unit and thus higher hydrophobic surface per
mass unit, in comparison to large MPs. At pH 3, OVA is positively
charged, while at pH 7 it is negatively charged (pI = 4.5). At pH 7, in
absence of counter ions, carboxylate end groups dissociate and PET MPs
become slightly negative. Therefore, at pH 7 slight repulsion between
PET MPs and OVA could reduce the binding. For human serum albumin
binding to and PVC, although binding affinity was determined by a
different approach, electrostatic interactions are the main contributors
to interactions [20]. PS MPs are shown to interact with lipases at pH 7
and similarly to our study, it is proposed that n-n and hydrophobic in-
teractions are responsible for binding [43].

Several in silico binding studies have shown that PET hydrolase and
manganese peroxidase are able to bind to several types of microplastics
and hydrolyze them [44,45].

This is the reason why PET at pH 7 has lower adsorption affinity and
capacity than at pH 3. In contrast, as PS is exclusively hydrophobic there
is no repulsion between OVA and PS. That is the reason why OVA in-
teractions with PS are stronger than with PET, particularly at pH 3. At
pH 7 OVA is in its native conformation, while at pH 3 its tertiary
structure is disturbed with more exposed hydrophobic regions. There-
fore, for both PET and PS MPs hydrophobic interactions are more
extensive at pH 3 than at pH 7. As OVA interactions with PS are hy-
drophobic, the difference of adsorption affinity and capacity for PS be-
tween pH 3 and pH 7 is more dramatic than the difference observed for
PET. Therefore, as small PS has the highest hydrophobic surface per
mass of other tested MPs, and at pH 3 OVA has higher surface hydro-
phobicity than at pH 7, adsorption affinity and capacity of OVA is far the
highest for small PS at pH 3 in comparison to all tested MPs.

In comparison to adsorption of ions, gasses and small molecules,
proteins have high molecular masses and due to conformational changes
can adopt a variety of shapes, and thus a wide range of contact surface
between proteins and adsorbent could be formed. Conformation of
adsorbed protein molecules could enable or disable binding of another
protein to neighboring sites at adsorbent surface. Besides, proteins are
well known to form hard and soft layers on adsorbent. Therefore,
adsorption of proteins is highly heterogeneous. Higher heterogeneity
obtained for MPs with lower surface per mass is due to lower fully
available surface for OVA binding per mass at higher Ce. On the other
hand, at pH 3, more disturbed OVA conformation than at pH 7 is more
effective in disabling binding of another protein to neighboring site at
MPs surface, resulting in higher heterogeneity.

Although MPs do not change the secondary structure of bulk OVA
significantly, they induce dramatic OVA tertiary structure changes,
suggesting MPs-induced conformational changes due to OVA interaction
with MPs. In general, at pH 3, the presence of MPs loosens OVA tertiary
structure, while at pH 7 they tighten it. However, when MPs are
compared, small PS has only a slight destabilizing effect at pH 3, and the
most stabilizing effect at pH 7. In our previous study we have found that
pepsin tertiary structure is either rigidified or maintained at pH 3 upon
its adsorption to PS MPs, depending on the MPs size, influencing its
activity [25].

Small PS also induces the most pronounced changes in ovalbumin
secondary structure (§ to a transition followed by « to p transition). In
contrast, PET has the most destabilizing effect at pH 3, and the slightest
stabilizing effect at pH 7, while for large PS effects are between small
PET and small PS. The reason for these effects is the strongest binding of
OVA to small PS. The surface of small PS is larger than of large PS,
enabling more OVA molecules to adsorb, resulting in more pronounced
effects. In PS, where due to steric hindrance by aromatic rings, in-
teractions of protein residues with aliphatic areas are much lower than
interactions with aromatic rings (mostly via n-t interactions), as
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observed by Zhang et al. [42]. In PET there is no such hindrance, and
thus aliphatic, aromatic and polar interactions with protein residues
could have similar contributions. Moreover, residues exposed in pro-
teins are more polar, thus polar interactions with PET could be a more
important contributor. It seems that involvement of these polar in-
teractions with PET is the reason for pronounced destabilizing effects of
PET on OVA tertiary structure. It was reported that lipase adsorption to
PS resulted in its reduced activity due to change in its secondary struc-
ture and disturbance of its open conformation essential for enzyme ac-
tivity [43].

We have demonstrated that OVA forms both soft and hard corona on
the surface of all three tested MPs, at both pH 3 and pH 7, and that traces
of OVA fragments present in OVA preparation have higher affinity to-
ward MPs than intact OVA. In comparison to native OVA, in soft corona
OVA at pH 7, with or without heat treatment, rearrangement of a-helices
and p-sheets occurred (o to f transition), and this effect was more drastic
after heat treatment. However, the level of ordered secondary structures
was the same as in native OVA, e.g. content of ordered secondary
structure was preserved. This preserved level of ordered secondary
structures in OVA from soft corona has as a consequence retained
thermal stability, e.g. the same Tm as for native OVA. On the other hand,
the similar content of all secondary structures in soft corona of both MPs
at room temperature and in thermally treated OVA alone suggests that
conformational changes in soft corona resemble conformational changes
induced by heat treatment.

We have shown that also egg white protein extract forms both soft
and hard corona on the surface of tested MPs, and that MPs type, MPs
size and pH influence both corona formations. Adsorption of egg white
proteins in corona is for small PS > small PET > large PS, which in
accordance to other obtained results. However, in contrast to OVA
alone, OVA in the presence of egg white extract seems to bind at higher
amounts at pH 7 in soft, and particularly hard corona. It seems that, at
pH 7, adsorption of other egg white proteins favors adsorption of more
OVA in soft corona by protein-protein interactions, and during forma-
tion of stable hard corona more OVA are easily adsorbed to hard corona,
in comparison to corona formation with OVA alone. The most repre-
sented proteins, OVA and ovotransferrin, are adsorbed in soft corona. In
hard corona the next most represented proteins, lysozyme and ovomu-
cin, are also found, having also higher affinity than OVA and transferrin,
thus resulting in competitive protein adsorption. These results demon-
strate that our results with isolated OVA are fully relevant for egg white
as a whole food matrix. It was shown that lysozyme is able to form hard
corona around PS nanoplastics (100-500 nm in size) and that this
interaction promoted the primary nucleation step of amyloid fibril for-
mation [46]. Aerogel made from hen egg-white proteins was shown to
be very efficient in removing nano/microplastic contamination from
seawater [47].

ThT is a structure specific molecular probe for proteins, primarily
used for the detection of amyloid-like structures [48], as well as for DNA
and various other biologically relevant structures [49]. ThT twisting, by
intramolecular torsions around the C—C bond between benzothiazole
and dimethylaniline parts, allows a change of vertically populated
excited state from a locally excited to a charge-transfer state. In contrast
a hindrance of this twisting, by embedding ThT into a confined space,
leads to a significant decrease of the nonradiative channels with a
simultaneous increase of the fluorescence [50]. In all thermally un-
treated samples, ThT becomes immobilized into nanopockets in OVA
tertiary structure, and fluorescence is emitted. However, in heat-treated
control OVA and bulk fraction of OVA incubated with both MPs, ther-
mally induced loosening of tertiary structure enable embedding of more
ThT molecules into nanocavities resulting in increased ThT emission, a
propensity known to lead to fibril formation by heat treated OVA [35].
Tendency of lower ThT emission of bulk fraction of OVA incubated with
MPs at 25 °C can be explained by more rigid conformation observed in
near CD spectra, leaving fewer nanocavities in tertiary structure for
embedding of ThT, and resulting in decreased fluorescence emission.
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Based on lower ThT fluorescence of heat-treated soft corona, in com-
parison to heated control OVA and corresponding bulk OVA, the
observed conformational change in soft corona upon heat treatment,
with the most dramatic o to f transition, may prevent thermally-induced
loosening of tertiary structure, resulting in radiative relaxation and
affect the process of fibril formation upon heat treatment. In contrast,
nanoplastics seem to induce denaturation and fibrillation of proteins
[51].

Given the public concern over the impact of MP and nanoplastics on
the environment and living beings, more in depth studies are needed to
clarify potential negative impacts of omnipresence of MPs [16]. Most of
the published studies use commercially available PS MPs, of a perfectly
spherical shape [12], with varying zeta-potential, which affects the
behavior of PS and may influence obtained results [52]. MP particles,
used in our study are made by milling process providing model particles
with irregular shapes and sizes, which better corresponds to what is
found in nature. However, we have investigated only two types of
polymers, in a narrow range of sizes, while in the environment, a
mixture of MP of various types, sizes and surface chemistries is present.

5. Conclusion

In this work, the binding of the main egg white protein, ovalbumin,
to two types of MPs (PET and PS) of different sizes at two pH values was
characterized. All three tested parameters influence MPs adsorption
affinity and capacity for OVA: size (small > large), type (PS > PET) and
pH (pH 3 > at pH 7). Adsorption of OVA to PS and PET MPs results in
formation of soft and hard corona. Adsorption of egg white protein
extract also results in the formation of soft and hard corona, where the
most represented proteins, OVA and ovotransferrin, are present in both
hard and soft corona. Interactions of OVA and MPs, particularly in
corona, have as a consequence OVA conformational changes. Exchange
of OVA between soft corona and solution results in presence of OVA
molecules with altered conformation also in bulk solution. Binding of
OVA to MPs affects protein structure, an important factor that de-
termines its biological and techno-functional properties. OVA is a stable
protein, and its non-native conformation adopted during interactions
with MPs in soft corona is also thermally and proteolytically stable, but
loses its functionality, such as amyloid fibril formation. Further research
is needed to elucidate how the presence of MPs affects OVA techno-
functional, nutritional and biological properties during food process-
ing, or in vivo digestion. Particularly relevant will be to investigate ef-
fects of chronic exposure of food proteins to MPs.
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